P yridoxal phosphate (PLP), a bioactive component of vitamin B 6 , is a versatile enzyme cofactor that facilitates diverse chemical transformations of biological amines 1-3 . PLP-dependent enzymes (PLP-DEs) constitute a ubiquitous family of biocatalysts that are widely involved in essential cellular processes such as glucose, lipid and amino acid metabolism. To fulfil this range of tasks, PLP-DEs have acquired a large repertoire of chemical reactions, including transamination, α , β , γ -elimination, α , β , γ -replacement, racemization and decarboxylation. Despite this extraordinary diversity, PLP-DEs operate through some common mechanistic principles 4 . In their resting state, PLP-DEs bind the PLP cofactor at active-site lysine residues via a covalent imine bond termed the internal aldimine, which is displaced by an incoming substrate to form the external aldimine ( Fig. 1a ). PLP acts as an electrophilic catalyst to stabilize negative charge at C α by delocalization across an extended conjugated system as well as through electronic contributions of the protonated pyridine and Schiff base. Chemical specificity is fine-tuned by the interplay of PLP's intrinsic chemical properties and the surrounding protein matrix through stereoelectronic effects and hydrogen bonding. The size of the PLP-DE family is reflective of its diversity, catalysing 238 distinct enzymatic functions 5 and accounting for nearly 4% of all activities classified to date 6 .
from severe side effects as a consequence of off-target reactivity, a general challenge in designing PLP-DE inhibitors. Moreover, facing the threat of a post-antibiotic era, finding new and specific bacterial drug targets is becoming increasingly important. Given that bacteria are estimated to share only a third of their PLP-DEs with humans 6 , these enzymes may represent valuable antibacterial targets.
Gaining a global overview of PLP-DEs has been the subject of several bioinformatics-driven studies aimed at both identifying and functionally classifying PLP-DEs. While sequence similarity is notoriously low among PLP-DEs due to evolutionary disparity, structural similarity has led to their categorization into five distinct fold types 8 . Methods capable of extracting structural conservation from genomic sequences have been useful for identifying PLP-DEs 5,6 , although these strategies are restricted to known sequence-structure relationships. Further efforts have focused on identifying conserved active-site features and surrounding regions using advanced database search tools [9] [10] [11] , but these require structural information for the PLP-DEs. So far, there has been no comprehensive method for profiling the cellular PLPome. It is thus estimated that many PLP-DEs remain unidentified and even more lack complete functional classification. Previous studies have visualized the PLPome by western blot (anti-pyridoxine antibodies), but these methods are unable to identify or quantify distinct PLP-DEs 12 . Moreover, proteomic studies are hampered by an inherent difficulty in identifying PLP-modified peptides due to their low intensity and stability during mass spectrometry measurement 13, 14 .
Here we introduce a chemo-proteomic platform for the global identification and characterization of PLP-DEs in living cells. This platform uses functionalized pyridoxal (PL) cofactor mimics designed to be integrated into cellular PL uptake mechanisms and metabolic processing to access the full complement of PLP-DEs in Staphylococcus aureus. The probe design and method development were guided by kinetic and structural studies using purified proteins, as well as cell-based metabolic and proteomic experiments to ensure efficient probe processing. Implementation of a quantitative mass spectrometry (MS)-based detection method revealed known as well as novel PLP-DE family members, facilitated a readout of relative cofactor binding abilities and enabled profiling of in situ inhibitor specificity.
results
Design and synthesis of pyridoxal probes. Reporting on natural PLP binding events requires a functional, minimally modified synthetic cofactor probe capable of labelling enzymes covalently. Previous investigations found that modifications at the 2-position of PLP, including either removal or limited expansion of the methyl group, could be tolerated by different PLP-DEs [15] [16] [17] . Following the example of activity-based protein profiling 18 , we designed PL probes containing a small alkyne tag either directly attached to the pyridine ring (PL1 ) or with an ethylene spacer (PL2 ), and a 2′ -azide analogue (PL3 ) to account for chemical preferences within protein binding sites (Fig. 1b) . These probes were intended to make use of cellular PL-uptake mechanisms and metabolism to yield phosphorylated PLP derivatives capable of binding PLP-DEs (Fig. 1c ). Our strategy capitalizes on the internal aldimine to anchor the probes to the enzymes irreversibly on sodium borohydride (NaBH 4 )-mediated reduction 13 , circumventing the need for additional reactive groups. Subsequent bioorthogonal ligation of the alkyne tag to biotin-azide or vice versa allows gel-and MS-based detection of the full PLPome.
Syntheses of PL1 and PL3 were based on established chemical procedures, as detailed in Supplementary Schemes 1 and 2. A 2′ -alkynylated derivative of pyridoxine similar to PL1 has previously been reported, but it was not tested for viability as a cofactor 19 . A structural isomer of PL1 with inverse functionality at the 4′ and 5′ positions (Ctrl ) that is electronically incapable of PLP catalysis was used as an inactive control probe to test for non-specific reactivity of the PL scaffold. In the case of PL2 , we devised an efficient new synthetic route using an alkylation strategy inspired by previous work on methylpyridine derivatives 20 . PL was first protected as the cyclic monomethyl acetal 21 followed by methoxymethyl protection of the phenol to generate 1 (Fig. 1d ). Deprotonation of the acidic 2-methyl position using lithium diisopropylamine followed by reaction with propargyl bromide afforded alkylated product 2 , which was deprotected under acidic conditions to yield PL2 primarily in its hemiacetal form 22 .
In-depth biochemical characterization establishes efficient phosphorylation, binding and catalysis of PL probes. Intracellular PLP homeostasis is regulated by pyridoxal kinase (PLK, Fig. 1a ) which phosphorylates the b 6 vitamers PL , pyridoxine (PN ) and pyridoxamine (PM) to suit the needs of the cell 23 . Phosphorylation of PL is necessary for anchoring the cofactor to the internal aldimine site of PLP-DEs via hydrogen-bonding interactions 24 . We first assessed our probes as substrates of S. aureus PLK using enzyme kinetics 25 . Both PL2 and PL3 were converted to phosphorylated products at levels comparable to PL (Fig. 2a ), and formation of PL2P and PL3P was confirmed by tandem mass spectrometry (MS/MS) ( Supplementary  Fig. 1 ). Although significant overlap in the absorption spectra of NADH (340 nm) and PL1 (325 nm, extended conjugation) precluded kinetic analysis, MS-based detection of PL1P confirmed phosphorylation by PLK ( Supplementary Fig. 1 ). In contrast, no phosphorylation could be detected for the Ctrl probe.
Next, we examined the compatibility of the phosphorylated probes with alanine racemase (Alr) as a model PLP-DE, because it is well studied and universal to bacteria. Alr catalyses the interconversion of l-and d-alanine, the latter of which is an essential component for peptidoglycan synthesis 26 . Strep-tagged S. aureus Alr (Uniprot: P63479) was initially purified as the PLP holoenzyme and transformed to the apoenzyme (Apo-Alr) by nucleophilic displacement of bound PLP using hydroxylamine. Reconstitution of Apo-Alr with phosphorylated probes yielded kinetically competent artificial holoenzymes with nearly identical efficiency compared to PLP-bound Alr (Fig. 2b) . Probe binding and the degree of cofactor loading within the different holoenzymes were assessed spectrally by monitoring internal aldimine formation (410-430 nm, ref. 27 ; Fig. 2c ) and by intact protein MS following NaBH 4 reduction (Fig. 2d ). To understand the binding mode and accommodation of PLP derivatives within the Alr active site, we determined the X-ray crystal structures of Alr bound to PL1P (PDB 6G58) and PL2P (PDB 6G59). Both cofactors bound the active site of Alr at the dimer interface and occupied the structurally equivalent position of the natural PLP cofactor, linked to the highly conserved residue Lys39 as an internal aldimine (comparison with PDB 4A3Q 28 , Fig. 2e and Supplementary Fig. 2 ). To accommodate the alkyne handle of the PLP analogues, the side chains of Lys131 and Arg138 realign slightly, although the active site geometry generally remains the same.
This confirms the adequate space within the Alr aldimine binding pocket for accommodating the structural changes imparted to the synthetic cofactors without influencing catalytic activity. An overlay of additional known S. aureus PLP-DE crystal structures indicates that this extra space for probe binding is also a feature of other PLP-DEs ( Supplementary Fig. 3 ).
Having established their authentic binding and functionality as cofactors, we next investigated whether the probes could label Alr in vitro. Incubation of Alr with PL1P, PL2P and PL3P probes, followed by reduction of the internal aldimine using NaBH 4 and conjugation . Kinetic analysis of PL1 (325 nm) was not possible due to significant spectral overlap with NADH (340 nm). b, Kinetics of alanine racemization (dto l-Ala direction) by S. aureus Alr holoenzymes (0.01 μ M) containing PLP or cofactor analogues (n = 3; data presented as mean ± s.d.). c, UV-vis absorption spectra of different S. aureus Alr holoenzymes (100 μ M). Data are normalized to absorbance of the internal aldimine (420-430 nm). d, Percentage of S. aureus Alr holoenzymes bound by PLP or cofactor analogues following NaBH 4 reduction and measurement by intact protein MS (n = 3; data presented as mean ± s.d.). e, Crystal structure of S. aureus Alr bound to PL1P (left, PDB 6G58) and PL2P (centre, PDB 6G59), overlaid with their respective simulated annealing omit electron density map contoured at 2.5σ. Superimposed active sites (right) of PLP-bound Alr (purple, PDB 4A3Q) 28 , Alr-PL1P (grey) and Alr-PL2P (blue). Residues lining the active site as well as the PL1P (grey) and PL2P (gold) cofactors are shown as stick models. Hydrogen bonds are drawn as dashed lines. f, Fluorescence SDS-PAGE of S. aureus Alr (10 μ M) labelling using PLP probes (0.5, 1 and 5 equiv.) or unphosphorylated PL probes (5 equiv.). Coomassie staining and full gels are provided in Supplementary Fig. 4 . g, Growth curves of S. aureus USA300 TnPdxS (Nebraska transposon library) 33 in defined, PL-free medium supplemented with PL (left) or probes (right). Bacterial growth was measured (optical density at 600 nm, OD 600 ) after 24 h and data were obtained from three biological replicates (data presented as mean ± s.d.). h, In situ metabolism of PL2 to PL2P in S. aureus USA300 TnPdxS under labelling conditions (100 μ M for 2 h at 37 °C) (n = 3; data presented as mean ± s.d.).
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to a rhodamine tag using copper-catalysed azide-alkyne 1,3-dipolar cycloaddition (CuAAC, click chemistry), revealed specific labelling upon fluorescence SDS-PAGE ( Fig. 2f ) [29] [30] [31] . Unphosphorylated probes and the Ctrl probe ( Supplementary Fig. 4 ) helped gauge non-specific binding of the reactive aldehyde.
In-cell behaviour of PL probes reveals uptake and metabolism.
The ability of our PL probes to function globally in native biological systems was evaluated using bacterial growth experiments. Microorganisms are capable of both de novo PLP biosynthesis (PLP-synthase complex, PdxS/PdxT) as well as PL salvage from the environment 32 . To promote the uptake and use of our probes as PL surrogates, we used a S. aureus USA300 TnPdxS transposon mutant (Nebraska transposon mutant library) 33 that is incapable of de novo PLP biosynthesis but is able to salvage exogenous PL and convert it to PLP. Bacteria were incubated in PL-free medium supplemented with various concentrations of the probes and growth was measured after 24 h. In control experiments, less than 1 μ M PL (Fig. 2g ) supported maximum bacterial growth while absence of PL or incubation with Ctrl prohibited growth (OD 600 < 0.1), thereby confirming the transposon phenotype. PL1 and PL3 afforded cellular growth in a concentration-dependent manner, though at higher concentrations than PL (~25 μ M), implying their effective integration into cellular metabolism ( Fig. 2g ). PL2 did not support bacterial growth under the conditions tested, indicating that it cannot functionally substitute for all essential cellular PLP processes. Nonetheless, when bacteria grown in rich medium were incubated with PL2 over a 2 h period, significant and concentration-dependent conversion to its phosphorylated PL2P form was revealed by MS ( Fig. 2h ). The observed metabolism of the probe suggested that adequate amounts of active probe could be generated under these conditions to allow for labelling experiments. Given the results of these cell-based studies, we proceeded with two proteomic labelling strategies tailored to the individual probe properties.
In situ labelling with PL2 provides direct, confident and rapid access to a large fraction of the PLPome. We first investigated the direct in situ labelling of S. aureus USA300 TnPdxS using PL2 . Cultures grown in rich medium were therefore subjected to different probe concentrations and incubation times to determine optimal labelling conditions. Following cell lysis, reductive amination of the probe with cytosolic proteins and click chemistry to rhodamine azide, significant protein labelling could be observed by fluorescence SDS-PAGE ( Supplementary Fig. 5 ). The optimal labelling conditions (100 μ M PL2 , 2 h incubation at 37 °C) were established as a good balance between labelling strength and non-specific binding ( Supplementary Fig. 5 ). With a viable labelling strategy in hand, we proceeded with in-depth proteomic evaluation of PL2P binding in cells and conducted these experiments using two different probe concentrations (100 and 10 μ M) and dimethyl sulfoxide (DMSO) as a control. Conjugation of labelled proteins to a biotin-azide linker facilitated avidin-bead enrichment before trypsin digestion and liquid chromatography (LC)-MS/MS analysis using label-free quantification (LFQ) 34 (Fig. 3a) . A large number of proteins were significantly enriched using 100 μ M PL2 , while fewer were detected at 10 μ M ( Supplementary Fig. 6 ). We observed a striking enrichment of proteins annotated to bind or utilize PLP (18 of the 104 significant proteins) by gene ontology (GO term 0030170; PLPbinding) or EC classification at both concentrations (GO overrepresentation analysis for pyridoxal phosphate binding at 100 μ M: enrichment factor = 4.2, p-value = 1.3 × 10 −10 ; at 10 μ M: enrichment factor = 16.0, p-value = 3.3 × 10 −16 ). PLP-DEs of diverse functionality and fold type were identified, accounting for 40% of all PLP-DEs annotated in S. aureus USA300 so far (45 total) ( Fig. 3c ). By comparison, corresponding proteomic experiments performed with PL1 and PL3 (by Staudinger ligation) under the same conditions revealed fewer PLP-DE protein hits (Supplementary Figs. 7 and  8 and Supplementary Tables 2 and 3) . Nonetheless, the enriched proteins were distinct compared to Ctrl -treated cells, demonstrating that PLP-DE binding of our probes occurs specifically ( Supplementary Fig. 7 ).
To distinguish PLP binding from background within this data set, we developed a confidence ranking that categorized all significantly enriched proteins into four classes based on their enrichment and LFQ intensity profiles across these experiments (nine biological replicates in total) ( Fig. 3a) . As PLP-DEs were reproducibly and concentration-dependently enriched, we reasoned that putative PLP binders should display similar profile behaviour. We therefore extracted the 10 most similar profiles (Perseus, Pearson correlation) of each known PLP-DE and grouped them together. Among these, we further defined high-confidence PLP-binding candidates as those proteins showing both similar profile behaviour and significant enrichment at the lower, and thus more selective, 10 μ M probe concentration (18% of 104 significant proteins). These proteins were the same as the most significantly enriched proteins in the 100 μ M experiment (approximate cutoff: fold change ≥ 8; p-value ≤ 0.015). The remainder of the proteins from our profile search were assigned to a medium-confidence interval (28% of 104 significant proteins). Proteins whose intensity profiles resembled that of PLP-DEs less stringently (11 ≤ n ≤ 20 most similar profiles) were classified as low confidence (19% of 104 significant proteins), and dissimilar profile behaviour was deemed background (35% of 104 significant proteins). These four confidence levels were mapped by colour onto the corresponding 100 μ M volcano plot (Fig. 3b ). In total, nearly half of the significantly enriched proteins were within the medium and high confidence intervals ( Fig. 3c ). Among them, we find known PLP-DEs, uncharacterized proteins, and proteins annotated to have non-PLP-dependent functions. Because our data classify the latter two categories as putative PLP binders, these proteins represent a source for uncovering novel PLP-dependent roles within the cell. The complete list of significantly enriched proteins identified in this experiment is provided in Table 1 and Supplementary Table 1 .
Having classified enriched proteins based on their similarity to PLP-DE profile behaviour, we next focused on the probe-binding properties of individual proteins. Proteomic experiments were performed using a larger range of probe concentrations to analyse the enrichment of proteins significantly identified in the confidence plot in Fig. 3b . In plotting normalized LFQ intensity profiles, we observed concentration-dependent probe binding of many proteins and were able to cluster their binding curve shapes into five groups of similar behaviour (Perseus, Pearson correlation, Fig. 3d ) as illustrated by representative examples in Fig. 3a (bottom) . Several proteins reached saturation at the applied probe concentrations (cluster 1), while, for others, the proportion of bound protein appeared to increase to differing degrees without reaching saturation (clusters 2-3). Proteins interacting with the probe non-specifically exhibited sporadic behaviour across the board (cluster 4-5). The majority of PLP-DEs fell into clusters 1 or 2, which depict the most defined binding curves over the range of concentrations tested and showed the largest proportion of high-confidence PLP-binding proteins (Fig. 3e ). By applying this two-tiered filtering strategyfirst defining PLP-DE confidence levels and then determining their binding behaviour-we were able to filter a large data set of enriched proteins obtained from our 2 h labelling protocol to select known PLP-DEs and uncharacterized proteins as candidates for further characterization.
Proteome mining of S. aureus cells supplemented with PL1 and PL3
during growth maximizes PLP-DE coverage. In a second proteomic approach, we capitalized on the ability of PL1 and PL3 to support S. aureus growth to increase probe integration into metabolic processes and thereby maximize PLP-DE labelling. Proteomic samples were prepared from S. aureus USA300 TnPdxS bacteria cultured directly in minimal medium supplemented with either PL1 /PL3 (25 μ M for full growth) or PL (0.5 μ M, control) ( Fig. 4a) . A commercially available biotin-phosphine reagent 35 ( Supplementary Fig. 8 ) was used for the enrichment of PL3 -labelled proteins via Staudinger ligation. MS analysis revealed significant and highly specific PLP-DE enrichment for probe-treated versus control samples. PL1 labelling tallied at 16 PLP-DEs (enrichment factor = 13.8, p-value = 1.9 × 10 −17 ), which accounts for 36% of the currently annotated S. aureus PLPome ( Fig. 4b and Supplementary Table 4 ) and thus shows comparable labelling efficiency to PL2 (2 h protocol). Using PL3 , on the other hand, we covered over half of the S. aureus PLPome (26 proteins, 58%; enrichment factor = 12.3, p-value = 1.3 × 10 −28 ), representing the most complete PLP-DE labelling so far using our chemical proteomic strategy ( Fig. 4c and Supplementary Table 5 ). Our results showed minimal background binding and several uncharacterized proteins among the significant population represent valuable leads for identifying new PLP-DEs. Importantly, this method facilitated access to 15 additional PLP-DEs not previously identified using PL2 (Fig. 4d) , thus increasing the total PLPome coverage to 73% (Fig. 4e ). Clustering of proteins based on their LFQ intensity profiles (Pearson correlation) is shown (see also Supplementary Fig. 9 ). e, Percentage of proteins from each confidence class per cluster. The number of proteins per cluster is written above each respective bar.
UV-vis, labelling and MS-based experiments validate PLP binding to known and uncharacterized PLP-DEs.
To validate PLP binding of proteins identified in our proteomics experiments, we first established a PLP detection strategy with known PLP-DEs of different types, which were significantly enriched using our probes (PL2 selection criteria: high, medium confidence; clusters 1, 2). These included two class I aminotransferases (AT1 and AT2; ID A0A0H2XFY9 and A0A0H2XFA8), d-alanine aminotransferase (DAT; ID A0A0H2XHU6), ornithine/lysine/arginine decarboxylase (ODC; ID A0A0H2XII6), cysteine synthase (CS; ID A0A0H2XFQ3) and a functionally uncharacterized PLP-DE predicted to be a PLP homeostasis regulator 36, 37 (HH8; ID A0A0H2XHH8). We detected PLP binding to each of these proteins by UV-vis ( Fig. 5b and Supplementary Fig. 10 ) and observed characteristic spectral peaks indicative of their catalytic sequence and reaction type (Fig. 5a) 27, 38 . This allowed us to infer the aminotransferase activity of AT1, AT2 and DAT with different amino acid substrates by monitoring the formation of PMP (330 nm), as well as CS activity by aminoacrylate (470 nm) 27 formation with the substrate O-acetylserine (OAS) ( Fig. 5b and Supplementary Fig. 10 ). Next, we corroborated PLP and PL2P binding to the selected PLP-DEs using intact protein MS.
Incubation of the proteins with excess cofactor led to adduct formation (single-fold addition) on NaBH 4 reduction ( Fig. 5c , Supplementary Fig. 10 and Supplementary Table 6 ). Control experiments using unphosphorylated cofactors (PL and PL2 ) proved the specificity of the interaction ( Supplementary Table 6 ), and gel-based labelling experiments of the proteins with PL2P were in line with these observations (Fig. 5d ). PLP binding was subsequently localized to exact lysine residues by digesting each of the six PLP-bound proteins with chymotrypsin and analysing the resulting peptides by MS/MS (Fig. 5e,f) . Identified PLP binding sites largely matched literature reports (Alr) 28 and predicted sites (Interpro) 39 . We used the techniques established above to assess cofactor binding to four uncharacterized proteins: Q2FF14 (PL1 , PL2 : highconfidence, cluster 1), GP0 (ID A0A0H2XGP0; PL2 : mediumconfidence, cluster 2), IC2 (ID A0A0H2XIC2; PL3 ) and IU9 (ID A0A0H2XIU9; PL3 ). Each protein appeared to bind PLP and the probes based on UV-vis, MS and gel-based labelling experiments (Fig. 5b,c,d,f) . While MS analysis confirmed PLP binding to IC2 and IU9, detection of PL3P binding, although clearly visible by fluorescent SDS-gel analysis (Fig. 5d ), was difficult, probably due to impaired ionization or stability. A few proteins with alterna- tive, non-PLP-related functions significantly enriched in proteomic experiments were also examined ( Supplementary Fig. 12 ). These showed either non-specific or minimal binding, implying a weak or transient interaction with the cofactor, or unsuitable experimental conditions for detecting the interaction. Our next goal was to apply our method to annotate unclear or unknown protein functions. We therefore exemplarily selected the putative PLP-dependent acyltransferase JW8 (ID A0A0H2XJW8; identified by all probes) to assign its catalytic role. A spectrophotometric acetylation assay 40 with acetyl-CoA was used to screen a variety of amino acid substrates for JW8, and glycine was identified as the preferred substrate ( Supplementary Fig. 13 ). The requirement of the PLP cofactor for catalysing this reaction was confirmed using inactivated JW8 (NaBH 4 reduction of the internal aldimine) as a negative control. We can therefore ascribe JW8 the function of a glycine acetyltransferase (2-amino-3-ketobutyrate CoA ligase), which constitutes a known PLP-dependent reaction 41 . Next, we tackled the functional annotation of the uncharacterized protein IU9. The gene encoding IU9 (SAUSA300_0700) is located in an operon together with para-aminobenzoic acid (PABA) synthase components PabA (glutamine amidotransferase) and PabB (aminodeoxychorismate synthase), which catalyse the amination of chorismate using NH 3 to yield aminodeoxychorismate (Fig. 5g ). We thus reasoned that IU9 may also have a role in PABA biosynthesis or a related process, which is an important precursor for folate production. In fact, a third enzyme involved in PABA biosynthesis, PabC (aminodeoxychorismate lyase), has previously been recognized to catalyse PABA formation from aminodeoxychorismate in a PLP-dependent manner, generating pyruvate as a by-product 42 . We investigated the possibility of IU9 to catalyse this reaction using a coupled assay 42 that detects pyruvate production on incubation of chorismate with purified PabB (recombinantly expressed from Escherichia coli) and IU9 (Fig. 5h ). Our results show IU9-dependent formation of PABA and the product identity was confirmed by MS comparison to a synthetic standard (Fig. 5i ). We conclude that the uncharacterized protein IU9 represents an aminodeoxychorismate lyase for PABA production in S. aureus.
Proteome-wide analysis of structural constraints within PLPbinding sites. As a result of evolutionary and chemical necessity, Supplementary Fig. 10 . c, Proportion of known PLP-DEs (top) and uncharacterized proteins (bottom) bound on incubation with or without excess PLP or cofactor analogues (4 equiv.), NaBH 4 reduction and measurement by intact protein MS (n = 3, data presented as mean ± s.d.). Note: some PLP-DEs were already partially bound to PLP on purification, prior to incubation. Minimal non-specific addition was observed for CS (5.9% PL and 0.7% PL2 ) and IU9 (4% twofold PLP addition) ( Supplementary Table 6 ), and HH8 experiments were performed using only 1 equiv. of cofactor. d, Fluorescence SDS-PAGE showing labelling of known PLP-DEs (top) and uncharacterized proteins (bottom) using PL2P or PL3P (0.5, 1 and 5 equiv.) and PL2 or PL3 (5 equiv.) as negative controls, on NaBH 4 reduction and CuAAC with rhodamine azide (PL2 -based samples) or rhodamine alkyne (PL3 -based samples). Coomassie staining and full gels are provided in Supplementary Fig. 11 . e, Sample MS/MS spectrum (MaxQuant) for the PLP binding site peptide of Alr (Lys39). All other spectra are provided in Supplementary Fig. 14. f PLP-DEs can accommodate diverse structures in their active sites and tolerate modifications of the PLP scaffold to varying extents. To profile structural constraints within PLP-binding sites on a global level, we synthesized two additional PL probes bearing increased steric bulk at the 2-position, including an extended alkyl chain (PL4 ) and an aromatic linker (PL5 ) ( Fig. 6a and Supplementary Scheme 3). Despite reduced enzymatic turnover by PLK compared to PL2 , probably due to unfavourable interactions within the PLK active site ( Supplementary Fig. 3) , formation of the phosphorylated probe products could nonetheless be detected by MS following incubation with PLK ( Supplementary Fig. 15 ). Significant gel-based labelling of S. aureus USA300 TnPdxS with PL4 and PL5 following our 2 h in situ labelling protocol (Fig. 6b ) prompted us to evaluate these probes using MS-based proteomics. Comparison of the relative LFQ intensities of PLP-DEs enriched using PL2 , PL4 and PL5 revealed trends in structural tolerance among the enzymes (Fig. 6c ). Generally, PLP-DEs were identified at successively lower intensities as structural bulk at the 2-methyl position increased, and nearly half of the proteins were only strongly enriched using PL2 , including the uncharacterized protein Q2FF14. Significantly more background labelling was also observed. Interestingly, proteins such as cysteine synthase (A0A0H2XFQ3), the class I aminotransferase (A0A0H2XFY9), cystathionine gamma-synthase (A0A0H2XFF8) and the uncharacterized putative PLP-homeostasis protein (A0A0H2XHH8) all tolerated the extended chain of PL4 well and were identified with intensities in the range of PL2 -based labelling. Similarly, alanine racemase (Q2FF55), which was proven to accommodate structural alterations of the cofactor, was also significantly enriched using PL4 . Other proteins, including threonine synthase (A0A0H2XH24), threonine deaminase (Q2FH01) and the uncharacterized protein A0A0H2XGP0, preferred the aromatic bulk of PL5 . This study acts as a proof of concept for how PLP derivatives can be applied to actively probe space within PLP binding sites on a proteome-wide level and help define structure-activity and structure-selectivity relationships across a panel of PLP-DEs.
Screening of d-cycloserine activity using PL2 reveals new off-targets.
Inhibitors of PLP-DEs often lack specificity due to active-site similarities among enzyme family members, which limits their use. d-Cycloserine (DCS), for example, is an antibiotic known to inhibit several PLP-DEs, including racemases 26 , transaminases 43 and decarboxylases 44 , which leads to severe toxic side effects 45, 46 . DCS targets bacterial peptidoglycan synthesis by reversibly inhibiting Alr, d-alad-ala ligase (Ddl) 26, 47 and DAT 43 , forming a stable aromatic PLP derivative within the enzyme pockets ( Fig. 6d) 48, 49 . In line with previous literature reports 50, 51 , we observed concentration-dependent inhibition of DCS on Alr activity in vitro ( Supplementary Fig. 17 ) and a minimum inhibitory concentration (MIC) of 0.5 mM in S. aureus. To screen for other PLP-DEs inhibited by DCS, we designed a competitive proteomic experiment in which S. aureus USA300 TnPdxS was incubated with DCS for 30 min before conducting our 2 h labelling protocol with PL2 . On plotting the difference in non-treated versus DCS-treated samples (Fig. 6e ), we identified a handful of enzymes significantly influenced by DCS in a concentration-dependent manner (Fig. 6f ). Among these was the known target DAT, as well as two previously undescribed PLP-DE targets, ODC and diaminopimelate decarboxylase (DAPDC). Interestingly, Alr was not significantly affected by DCS under these conditions. Although this is in disagreement with several in vitro studies 51, 52 , recent metabolomics experiments in mycobacteria also suggest that Alr is weakly inhibited by DCS in a cellular context, while Ddl is the primary lethal target 53, 54 . This observation could be explained by the substrate promiscuity often displayed by PLP-DEs in vitro 55, 56 . Furthermore, we were surprised to identify Ddl in our experiment, which, despite being a known target of DCS and under PLP-based transcriptional regulation 57 , is not known to interact with PLP.
Our proteomic data ( Fig. 3b and Table 1 ) suggest that it may interact with PL2P, as we find it significantly enriched (medium confidence).
Discussion
We describe the development of a novel toolset for profiling the PLP-dependent proteome that is easily accessible, compatible with biological systems and adaptable to suit diverse chemical biology needs. We provide a means for the modular derivatization of PL at the 2′ -position, where modifications were well tolerated by a variety of proteins. Examples include PLK, the first critical cellular hurdle for generating active probes in situ, as well as Alr, a PLP-DE capable of accommodating different PLP structures without influencing its catalytic activity. Modulation with different substituents at this position also showed some ability to target different parts of the PLPome. We show that minimally modified synthetic vitamers (PL1 and PL3 ) can globally substitute for essential cellular PLP processes to support bacterial growth. Labelling under these conditions accesses the highest number of PLP-DEs, probably due to effective integration into biological systems. Although the ethylene linker of PL2 may be too large to be functionally tolerated by all essential PLP-DEs, it can nonetheless bind to a large portion of the S. aureus PLPome in an effective 2 h labelling strategy with stringent data filtering. Crystallographic snapshots showed formation of an internal aldimine linkage between our probes and Alr, which acts as a suitable handle for attaching chemical tags to PLP-DEs via reductive amination, while avoiding the use of cumbersome and inherently non-specific photocrosslinking moieties 58 or electrophilic traps. We find the reactive PLP aldehyde to bind active-site lysines specifically, as evidenced by minimal background labelling and negative binding controls (Ctrl and unphosphorylated probes) in our analytical and proteomic experiments. Our studies confirm the authenticity and specificity of probe binding in the complex environment of the living cell and provide a blueprint for future probe and experimental design. We introduce two effective labelling strategies capable of (1) extending labelling coverage by metabolic incorporation of synthetic cofactor probes throughout bacterial growth and (2) rapid labelling for in situ applications with simplified experimental requirements. This allowed us to access 73% of the current S. aureus PLPome and to identify many more putative PLP binding events. Our findings were strengthened by extended MS-based analyses of LFQ intensity profiles across multiple probe concentrations, which enabled us to categorize proteins into different confidence classes and to cluster similar probe binding behaviour among proteins. Our method preselects proteins of unknown function as PLP-dependent, and thereby enables customized investigations to unravel their function. We illustrate its utility in assigning glycine acetyltransferase activity to the putative PLP-dependent acyltransferase JW8. Moreover, our approach enabled the high-confidence annotation of uncharacterized proteins Q2FF14, GP0 and IC2 as potentially novel PLP-DEs as well as identifying IU9 as an aminodeoxychorismate lyase in S. aureus. We anticipate that our probe will provide a resource for unravelling new PLP roles or yet undiscovered interactions in a cellular context.
Our strategy addresses shortcomings in PLP-based drug development by screening for off-target reactivity of PLP-DE inhibitors. We have focused here on the anti-tuberculosis drug DCS, and identified two decarboxylases as potential novel targets using competitive proteomic experiments. Surprisingly, we find that Alr is not significantly affected by DCS treatment in a cellular context despite its proven inhibition in vitro. Learning more about the off-target mechanisms of PLP-DE inhibitors allows us to pinpoint ways to improve current therapies, and our method also provides a means for identifying new PLP-DEs as potential drug targets. Furthermore, in situ structure-activity relationship profiling across a panel of probes can serve as a starting point for understanding active-site geometries of different PLP-DEs and their selectivity.
A current limitation of our PLP-DE detection strategy is the need to force probe uptake using a bacterial transposon mutant devoid of de novo PLP biosynthesis. However, this is allayed by the availability of corresponding transposon mutants in a host of bacterial systems as well as the fact that eukaryotes lack PLP biosynthetic machinery and rely solely on PL salvage. In addition, the influence of structural modifications of PL limits our access to enzymes with restricted binding sites. As evidenced by growth experiments, our probes appear to substitute for PLP incompletely, which prevents us from reporting on the full complement of PLP-DEs.
Profiling the PLPome lays important groundwork for studying diverse topics of interest within the field, such as evolutionary relationships of PLP-DEs, alternative functions of PLP and the comparison of different organisms, cell types or cell states. The ability to simultaneously monitor several PLP-DEs in a natural context and to identify novel family members or functions without prior information has the potential to fill major gaps in our knowledge of PLP-DEs. A key challenge in the field remains the full functional characterization of novel PLP-DEs following their identification, which necessitates combined biochemical, structural and bioinformatics approaches. While previous flowcharts for characterizing unknown PLP-DEs serve as a useful starting point 11 , the picture remains largely incomplete and requires expansion through significant experimental work to additionally address individual cases.
Our methodology provides the first detailed proteomic perspective on the family of PLP-DEs and is concurrent with other recent endeavours in profiling post-translational modifications and cofactor-dependent families [59] [60] [61] [62] [63] [64] . Efforts to effectively mine proteomes for important cellular players not only increase our understanding of different protein families, but are fundamental to the development of biomarkers and therapeutics. These studies therefore provide efficient measures for tackling the wealth of uncharacterized proteins still awaiting exploration.
Methods
See Supplementary Information for detailed methods and protocols.
Sample preparation and MS-based proteomic analysis. 2 h in situ protocol and chemical supplementation method.
For the 2 h in situ protocol, a stationary phase culture of S. aureus USA300 TnPdxS (Nebraska transposon mutant library) 33 grown in B medium was exchanged into chemically defined (PL -free) medium (CDM) containing 5 μ g ml −1 erythromycin and adjusted to OD 600 = 40. For each sample, 1 ml of this suspension (~1 mg protein) was incubated with 10 μ l probe or DMSO (100× stock in DMSO) for 2 h at 37 °C and bacteria were washed with PBS before cell lysis. For the chemical supplementation method, overnight cultures of S. aureus USA300 TnPdxS grown in B medium were washed in CDM-Erm and used to inoculate cultures (to OD 600 = 0.1) in CDM-Erm (100 ml) supplemented with 25 μ M probe (25 μ l of 100 mM stock in DMSO) or 0.5 μ M PL (25 μ l of 2 mM stock in DMSO) in baffled flasks. Bacteria were grown to stationary phase (30 h at 37 °C), collected, washed with PBS and adjusted to 1 ml OD 600 = 60 (~2 mg protein) before cell lysis. For the remainder of the protocol, all samples were handled the same. Cells were lysed mechanically (Precellys Lysing Kit and Homogenizer) and clarified cytosolic fractions were reduced with 20 mM NaBH 4 (prepared fresh in 0.1 M NaOH) for 30 min at RT. Following protein precipitation, samples were solubilized (PBS containing 0.4% SDS) and conjugated by CuAAC Supplementary Fig. 16 for corresponding volcano plots and list of significant proteins ( Supplementary Table 7 ). d, Mechanism of DCS inhibition by formation of a stable aromatic PLP adduct within enzyme pockets. e, Volcano plot showing competition of PL2P binding by DCS (10 mM) (n = 3 biological replicates). Proteins with highly significant fold change between the two samples are labelled (EBH, extracellular matrix binding protein (Q2FH04); DX3, uncharacterized protein (A0A0H2XDX3)). For full list of significant proteins see Supplementary Table 8 . f, Normalized LFQ intensities of select DCS targets from proteomic data (10 and 1 mM DCS). Mean raw LFQ intensities were normalized to DMSO (0) and max intensity (1) within individual protein sets (data presented as mean ± s.e.m.).
